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Abstract

Higher predicted brain age difference has been associated with several psychiatric disorders.
Generalized anxiety disorder (GAD) is associated with markers of accelerated aging. In this study, we
determined brain predicted age difference (PAD) in individuals with GAD and healthy controls (HC) as
well as group differences in PAD variability using voxel-wise structural MRI. The training dataset
included 3,511 controls, and the testing dataset included 1,595 individuals with GAD and 4,552 HC
from the ENIGMA-Anxiety GAD Working Group. A convolutional neural network model using four
input modalities per subject and a model ensemble approach was used to predict brain age. The PAD
was then calculated by subtracting chronological age. Model performance was consistent with other
image-based brain age prediction models with similar accuracy across the training set (mean absolute
error (MAE) = 2.95 years) and HC in the testing set (MAE = 2.94). We found no evidence of
accelerated brain aging in individuals with GAD, though we did find evidence for greater variation in
PAD for individuals with GAD (Levene's test: W = 442.98, p <.001) and evidence for greater
variability in PAD of those with GAD over 25 years of age. No relationships between PAD and clinical
or demographic measures were found. To conclude, using large training and testing samples, the study
found no significant association between GAD and PAD, although individuals with GAD had greater

heterogeneity in brain-predicted age.
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Introduction

Generalized anxiety disorder (GAD) is one of the most prevalent forms of psychiatric disorders,
having a lifetime prevalence of 6.2% [1-3]. GAD has a peak onset in late adolescence and early
adulthood and high comorbidity rate [2-4]. In this study, we leverage available large imaging datasets to
investigate whether GAD is associated with an individual’s predicted “brain age”. Brain age modeling
uses neuroimaging data to estimate an individual’s chronological age, with deviations between predicted
and actual age—referred to as the predicted age difference (PAD)—increasingly regarded as potential
biomarkers of atypical neurodevelopment or neurodegeneration[5, 6]. These brain aging estimates may
proceed faster or slower than would be expected. A positive predicted age difference (PAD) may
indicate accelerated maturation, or an “older” brain than expected given a chronological age; conversely,
a negative PAD may indicate a “younger” brain. Such investigations would be particularly relevant for
GAD as individuals with this condition appear to have structural, functional, and cognitive differences
[7-10], many of which occurring at critical phases of brain development, such as late childhood and
adolescence

Higher brain PAD has been associated with a wide range of physical and psychological
conditions including cognitive impairment [11, 12], traumatic brain injury [13], schizophrenia [14, 15],
childhood adversity [16], and major depressive disorder [17]. More broadly, psychiatric disorders are
associated with advanced brain age [17-20]. However, findings related to brain age and anxiety
disorders are inconsistent. For example, one study found no relationship between dimensional measures
of anxiety in youth, but no significant PAD [21]; however another study found a positive PAD of 2.91
years in adults (N=220) with anxiety disorders, including GAD, panic disorder (PD), and social anxiety
disorder (SAD; [18]. Interestingly, this finding was only significant after accounting for medication use.

More recently, in a study of individuals with SAD and GAD, adolescents with more severe GAD
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showed a higher PAD compared to controls, and adolescents with more severe SAD symptoms showed
a lower PAD [22]. To date, no work has examined brain age in individuals with GAD as a distinct
group.

Given unclear evidence regarding the association of brain age and anxiety disorders, we aim to
evaluate PAD and assess its relation to the presence of GAD. To that end, we use a convolutional neural
network (CNN) model to predict the age of each individual from their structural magnetic resonance
images (MRI) and compute their PADs. CNNs are deep learning models for computer vision inspired by
the brain’s visual cortex [23], and are commonly used to examine brain age [24-27] as they are well
suited for multidimensional data. These models capture spatial relations and features in their input data
and are sensitive to subject-level spatial information. This can be a strength relative to univariate models
(voxelwise, vertex-wise, or feature-based), as CNNs can extract additional structural information from
the image, encoded in spatial patterns. The nonlinear nature of deep learning models (including CNN)
allows for detection of complex relations between the input data and the subject’s age. Moreover, in
healthy individuals, CNN models produce more accurate age estimations than other modeling
frameworks, such as linear models or other non-neural network machine learning methods [28].

Our study has two main hypotheses: first, that PAD would be greater in participants with GAD
compared to healthy controls (HC); and that larger variance in PAD in GAD. Second, participants with
GAD might have a greater prediction error by the CNN, thus leading to increased variance in the PAD
for this group. Other brain age research has found greater variability in age predictions for clinical
groups relative to individuals without psychopathology [17, 18, 29]. To assess the second hypothesis, we
conduct a test to verify the equality of variance between subjects with and without GAD. This could
reflect greater heterogeneity in individuals with GAD potentially derived from factors such as treatment

and disease severity while controls would form a more homogeneous group. Likewise, this variance
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might change as a factor of age [30, 31]. Therefore, we also hypothesize that variance in age prediction
will depend on age. As secondary goals we investigate if PAD will be related to medication,
comorbidity, and age-by-diagnosis interaction. To address these questions, we use structural brain MRI
data from the Enhancing Neuroimaging Genetics through Meta-Analysis (ENIGMA) Anxiety Working
Group [32, 33]. This was the largest study to date investigating structural alterations between GAD and
controls, and found no association between GAD and brain morphometry in a well-powered mega-
analysis of 28 sites [33]. The present study builds on that work to examine if “brain age” might reveal
structural differences in GAD that were not detected in the mass univariate analysis of the previous
work. As PAD is estimated from a multivariate (CNN) model, it may have more sensitivity than mass-
univariate testing as done in the previous ENIGMA -Anxiety GAD work. Moreover, previous work on
other cohorts have shown different results when using “brain age” estimated from features obtained
from FreeSurfer [21]. Previous work on brain PAD both within other ENIGMA working groups [17]
and outside of ENIGMA [21, 22] have used a variety of machine learning methods to build and train
brain-age prediction models. Based on the model accuracy findings from Jonnson et al. [34], showing
the superiority of a model combining different measures obtained by T1-weighted scans, we build a new
voxelwise CNN model rather than via feature extraction (e.g., from FreeSurfer) to limit the loss of

information.

Methods

Sample Selection

The present analysis is a pre-registered (https://osf.io/4wtdy) mega-analysis [35] of structural

brain MRI data, from an international multi-site sample. Our training sample of 3,511 individuals

includes several publicly available neuroimaging samples of both pediatric and adult healthy controls,
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including the Human Connectome Project [36], Open Access Series of Imaging Studies 3 (OASIS-3;
[37], Philadelphia Neurodevelopmental Cohort (PNC; [38], and the Pediatric Imaging, Neurocognition,
and Genetics (PING) study [39]. The present analysis only used images from a single time point in
studies with longitudinal data. OASIS-3 [37] images were randomly selected across participants across
all three timepoints to provide a wider distribution of ages within the sample.

The clinical test sample consists of data from the ENIGMA Anxiety Working Group [35] with
6,147 subjects from 32 studies. This includes ABCD [40], CMI [41] and BHRC [42] as well as data
provided from ENIGMA Anxiety participating sites. As above we only used a single time point for each
study. In the case of ABCD and BHRC we only include the baseline data. The selection process for
determining the final number of images used in the model is summarized in Supplemental Table 1,
which illustrates the procedure for inclusion of participants. We excluded subjects due to failed
processing, missing covariates (age, sex, diagnosis), comorbid psychosis, bipolar disorder or ASD, and

subjects with no GAD diagnosis but any other psychiatric diagnosis.

Neuroimaging data preprocessing

All data were run through the FSL voxel-based morphometry (VBM) pipeline [43, 44],
providing voxelwise output [45]. Such output is amenable for use with CNNs, while still capturing
between-subject variability on brain morphology. Structural T1-weighted MRI brain images were first
standardized and underwent intensity normalization. Afterwards, non-brain tissue was removed.
Following this, the T1-weighted images were bias corrected. Images were then segmented into gray and
white matter maps, modulated, and smoothed. It has been demonstrated that an increased number of
imaging modalities results in better prediction [34]; thus, for this analysis we used four images derived
from the VBM pipeline: grey matter, white matter, T1-weighted image, and the image of the Jacobian of

the non-linear transformation used to map the individual T1-weighted image to the reference standard
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space [46]; the latter provides a measure of stretches and shrinkages needed to non-linearly align each
subject’s image to a standard space, in this case, the MNI152 [47].

No data harmonization step was implemented (e.g., ComBat; [48]) due to recent demonstrations
that not applying site/scanner harmonization produces lower mean absolute error (MAE) for brain age
prediction than applying harmonization methods [49]. After the VBM process was completed, images
were converted to NumPy arrays [50] to increase speed of image loading, and were cropped from their
original dimension of 91 x 109 x 91 to 75 x 88 x 78 to reduce the amount of empty space in the image
surrounding the brain tissue.

Quality control

Quality control procedures consisted of visual inspection to exclude any images that were
misshapen or contained any other processing errors. Additionally, subjects who had errors in their
covariate entries (see Supplemental Table 1) were excluded. After quality control, the remaining usable
sample consisted of 8,063 HC and 1,595 participants with a diagnosis of GAD, generating a total sample
size of 9,658. Tables 1 and 2 detail the number of participants included from each sample for the
training and testing samples. Data use guidelines for all research sites were followed. Appropriate
consent and assent procedures were obtained for all participants at all sites. Individuals with GAD had
either a lifetime or present diagnosis of GAD. These diagnoses were established at each site via
clinician-based assessment [32].

Train-test split procedure

For the test and train split procedure, the total number of subjects (9,658) was split into two
groups: (a) subjects from samples including GAD cases and controls, and (b) subjects from samples
composed of only controls. The latter was used as the training sample, which consisted of 3,511

individuals (Table 1). Ten percent of the training sample was used to track model performance while
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training (referred in the results as validation sample). The test sample (n=6,147; Table 2) consisted of

data from studies that contained subjects with GAD and controls.

Brain age model

The present analysis used the PyTorch library for the creation of the CNN model [51]. The input
to the network was a 5D array consisting of batch size (the number of subjects given to the model at a
time for training) by channels by X image dimension by Y image dimension by Z image dimension. The
four channels were the gray and white matter segmentations, as well as the T1-weighted image and
Jacobian images, all in MNI152 space.

The network architecture includes five repeated convolutional blocks, each containing 3D
convolutional layers, batch normalization, ReLU activations and max pooling (Figure 1). This block was
repeated five times, at each step doubling the number of convolutional filters but halving the size of the
image via the max pooling layer. Thus, the number of filters was 8 for the first layer, and the final
number of filters was 128. We used a 3x3x3 kernel with padding of size 1. Max pooling layers had a
stride distance of 2 to downsize each dimension image by half. Layers following batch normalization
utilized a ReLU activation function. After the last block, the image was flattened to a 1,024 size fully
connected dense layer and then connected to two more fully connected layers of size 128 and 32 before
connecting to the output node where age predictions were made with a ReLU function. Between each
fully connected layer, a dropout layer was added with a rate of 50 percent, as is recommended for CNNs
[52]. The total number of model parameters was 1,020,721.

The MAE was measured across each batch to track model performance and as the model loss
function. The mean squared error (MSE) was also tracked but not used to optimize model performance.
The Adaptive Moment Estimation (Adam) optimizer was used to update the model weights [53].

Gradient norm clipping was used to prevent exploding gradients [54], which occurs when the gradients
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of the model parameters become excessively large during training, leading to instability. The maximum
gradient value was set to 1 and learning rate was set to 0.0001.

A homogeneous ensemble strategy was used to combine the predictions of multiple models [55].
Other machine learning prediction work has used ensemble strategies with deep learning models [55,
56], including brain age prediction [57], which has been found to generate better predictive results.
Since neural networks may converge to several possible local minima, it is ideal to use strategies that
provide stable results. Instability in results would complicate downstream analysis and interpretation of
results generated by a CNN. As is recommended when using homogeneous ensembles, it is best practice
to introduce randomness into the constituent models, usually in the form of a diversified training set
[55]. An ensemble of eight model instantiations was created for the present analysis. Each instantiation
was initialized with random weights, but the architecture for each was identical. Ten percent of the
training data was randomly selected to serve as the validation data for each model, such that each model
in the ensemble had a different set of 90% of the full training sample. After the training process, the
eight models’ age predictions for each subject in the test set were then averaged together. These
averaged predictions were treated as the overall predicted ages to be used in subsequent analyses and
subtracted from the subject's true chronological age to generate the overall PAD for all participants

within the entire test set.

Statistical Analysis

All statistical tests were conducted in PALM - Permutation Analysis of Linear Models [58]. The
PAD measure was entered as the dependent variable for all models. Three general linear models (GLMs)
were tested (Supplementary Table 3): one was a simple model with only the diagnosis as the variable of
interest, the second was a model with diagnosis and covariates (age, sex, scanner, comorbidities, and

medication), and a third model with the same covariates, but with the interaction between diagnosis and
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age as the variable of interest. All models included scanner as a covariate and allowed each site to have
their own parameter estimates (slopes and intercepts), thus accommodating between-site differences,
further dispensing with the need for explicit harmonization, and avoiding that larger sites would
dominate the results. Variance groups [58, 59] were used to allow different variances between GAD and
controls. The number of permutations (sign-flippings) was set at 10,000. All results were corrected for
multiple testing using the familywise error rate (FWER).

Levene’s test for equal variance was used to investigate if participants with GAD have a higher
variance in the PAD than HCs. Levene’s test was also used to examine the difference across diagnosis
and in adults compared to children and adolescents (as preregistered with a threshold of 25 years. This
was chosen a priori as an appropriate age for the transition from adolescence to young adulthood). Of
note, we do not conduct the exploratory analysis on symptoms scale as described in the preregistration,

as we unfortunately did not have enough symptoms scale data at the time of this analysis.

Results

The MAE for the training set was 2.95 years. The MAE for the validation set was 2.30 years.
Figure 3 displays a scatterplot of the predicted ages with respect to the true ages in the testing set.
Averaged across models in the ensemble, the testing set had an overall MAE of 3.80 years, 2.94 years
for control participants, and 6.27 years for subjects with a GAD diagnosis (Supplemental Table 2). A
key consideration was to establish the extent to which each model generated consistent predictions and
evaluation metrics. Testing results across models revealed stable performance. This was determined by
using intraclass correlation (ICC) of the form [2,K] to measure the reliability of the age predictions [60].
To test the reliability of each model’s generated age prediction, ICC was calculated across these

predictions. The ICC for the predicted age was 0.99, indicating excellent reliability across models. Table
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3 displays the results of the MAE and PAD across samples. The MSE for the overall sample was 47.77,
whereas the MSE for the control group was 31.72 and for the GAD group 93.57.

Once the average brain age predictions were subtracted from chronological age, the overall PAD
was 0.49 years, with a standard deviation of 6.10. For controls, the predicted age difference was 0.36
years (SD =4.97). For GAD subjects, the PAD was .87 years (SD = 8.53). None of the three GLM
models established a statistically significant relationship between PAD and diagnosis (all p > .05). This
suggests that none of the independent variables (age, sex, scanner, comorbidities, and medication) had
any meaningful relationship with the PAD across any of the sites. True age and predicted age
significantly correlated (»=.86, p<.001), as did true age and PAD (=-.26, p<.001). The greater MAE of
subjects with GAD relative to controls was noteworthy.

Levene’s test of equality of variances suggests a statistically significant difference in the
variance of PAD between controls and subjects with GAD (W = 442.98, p <.001), with GAD subjects
presenting more variance compared to healthy controls (GAD SD: 8.53, controls SD: 4.97). To examine
if age plays a role in the degree of variance between those with and without GAD, the test was
implemented after partitioning the data into four groups: healthy volunteers under age 25, individuals
with GAD under 25, healthy volunteers over age 25, and individuals with GAD over 25. Subjects with
GAD had greater variance, with those over 25 having the greatest variance for all groups. Full results for
these tests are shown in Table 4 and 5. A violin plot illustrating the degree of variance in each group is
displayed in Figure 4. Mean, median, and standard deviation of the different age and diagnostic groups
are shown in Supplemental Table 4.

T tests between the mean ages of individuals with and without GAD were conducted between all
sites to examine any significant differences. Several sites were found to have statistically significant
differences in age (listed in Table 2). This difference was also significant in the overall sample. Due to

these results, we conducted several supplementary analyses, with only the ENIGMA-ANX sites
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(excluding ABCD, CMI and BHRC) in an attempt to age match the subjects across diagnostic groups. A
T test demonstrated that once these sites were removed, both subjects with and without GAD were age
matched. With these sites removed, we reanalyzed the same three GLM models with these new samples.
As before, none of these models established a statistically significant relationship between PAD and
diagnosis (all p > .05). Additionally, we also re-examined the variance in PAD across age and diagnostic
groups. The effect of greater variance in subjects with GAD, and greater variance in GAD subjects

above 25 was replicated (See supplemental tables 4 and 5).

Discussion

The current study used a CNN to estimate brain age and compute the PAD across individuals
with GAD and controls. We used data from 3,500+ healthy individuals across the lifespan to train our
model and then tested the model on 6,000+ independent individuals with and without GAD. The
difference in PAD between individuals with GAD and controls was then investigated. With respect to
our first hypothesis, we did not find a significant difference in PAD between individuals with GAD and
controls. However, consistent with our second hypothesis, we found that individuals with GAD have
greater PAD variability, particularly in those older than 25 years. After the PAD for each subject was
generated, we conducted secondary analyses to examine (1) the relation of diagnostic status across sites,
(2) how medication and comorbid disorders relate to PAD, and (3) interaction of diagnosis by age. All
three secondary analyses showed no significant relation between the variables of interest and PAD, even
after age matching subjects.

Our findings are consistent with prior work showing no significant differences in PAD between
GAD and controls and with dimensional measures of anxiety in youth [22]. However, these findings
contrast with work within anxiety disorders broadly that found a positive PAD in a substantially smaller

sample consisting of participants with GAD, PD and SAD diagnoses, when accounting for medication
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effect [18], and other work finding a greater PAD in adolescents with GAD [22]. The heterogeneity of
GAD in its clinical presentation, may explain portions of these inconsistent findings.

Although the group difference findings were non-significant, the significantly higher variance in
the GAD group is noteworthy, as heterogeneity within psychopathology is a common finding [61, 62].
Other brain age analyses of psychiatric disorders have also found greater variability in the clinical
population compared to healthy controls. Han et al. [17] found higher variability among individuals with
depression than in healthy individuals. For healthy controls, the MAE was 6.50 and 6.84 years for males
and females, respectively. Similarly, within the MDD group, the MAE was 6.72 for males and 7.18 for
females. In a replication study, the same authors found that males in the control group had an MAE of
6.85 and females had 7.84. While in the depression group, males showed a larger MAE of 7.57 and
females had 9.24, again suggesting greater variability within the clinical population. The same trend
appeared in another study examining depression and anxiety disorders [18], where healthy controls
manifested an MAE of 5.97, but those in the disorder group had an MAE of 6.73. Finally, Tennesen et
al. [29] found that healthy controls had a MAE of 6.92, patients with bipolar disorder had an MAE =
6.85, and patients with schizophrenia had an MAE = 7.11. This could suggest potentially greater
variability in subjects with schizophrenia, but similar variability in bipolar disorder to healthy controls.
While notable, these differences in past research were not reported as main findings, nor statistically
tested. However, the present study used a statistical procedure to establish a statistically significant
difference in variance across those with GAD and controls; this suggests a further avenue for research in
brain age prediction for psychiatric disorders. The higher variance in the GAD group indicated that the
model performs more poorly in this population. Further investigating the sources of increased variance
in the patient population might help understand new mechanisms for the development of psychiatric

disorders.


https://web.endnote.com/citations/eyJkaXNwbGF5VGV4dCI6IlsxOF0iLCJjaXRhdGlvbnMiOlt7ImJpYmxpb0NvbnRlbnQiOlt7InJlZmVyZW5jZVR5cGUiOiIxNyIsInRpdGxlIjoiQ29udHJpYnV0aW5nIGZhY3RvcnMgdG8gYWR2YW5jZWQgYnJhaW4gYWdpbmcgaW4gZGVwcmVzc2lvbiBhbmQgYW54aWV0eSBkaXNvcmRlcnMiLCJ2b2x1bWUiOiIxMSIsInB1Ymxpc2hlciI6IlNwcmluZ2VyIFNjaWVuY2UgYW5kIEJ1c2luZXNzIE1lZGlhIExMQyIsInJzeG1sIjoiPHJlY29yZD48cmVmLXR5cGU%2BMTc8L3JlZi10eXBlPjxjb250cmlidXRvcnM%2BPGF1dGhvcnM%2BPGF1dGhvcj5IYW4sIExhdXJhIEsuIE0uPC9hdXRob3I%2BPGF1dGhvcj5TY2huYWNrLCBIdWdvIEcuPC9hdXRob3I%2BPGF1dGhvcj5Ccm91d2VyLCBSYWNoZWwgTS48L2F1dGhvcj48YXV0aG9yPlZlbHRtYW4sIERpY2sgSi48L2F1dGhvcj48YXV0aG9yPnZhbiBkZXIgV2VlLCBOaWMgSi4gQS48L2F1dGhvcj48YXV0aG9yPnZhbiBUb2wsIE1hcmllLUpvc8ODwqk8L2F1dGhvcj48YXV0aG9yPkFnaGFqYW5pLCBNb2ppPC9hdXRob3I%2BPGF1dGhvcj5QZW5uaW54LCBCcmVuZGEgVy4gSi4gSC48L2F1dGhvcj48L2F1dGhvcnM%2BPC9jb250cmlidXRvcnM%2BPHRpdGxlcz48dGl0bGU%2BQ29udHJpYnV0aW5nIGZhY3RvcnMgdG8gYWR2YW5jZWQgYnJhaW4gYWdpbmcgaW4gZGVwcmVzc2lvbiBhbmQgYW54aWV0eSBkaXNvcmRlcnM8L3RpdGxlPjxzZWNvbmRhcnktdGl0bGU%2BVHJhbnNsYXRpb25hbCBQc3ljaGlhdHJ5PC9zZWNvbmRhcnktdGl0bGU%2BPC90aXRsZXM%2BPGRhdGVzPjx5ZWFyPjIwMjE8L3llYXI%2BPHB1Yi1kYXRlcz48ZGF0ZT4yMDIxLzA3LzIxPC9kYXRlPjwvcHViLWRhdGVzPjwvZGF0ZXM%2BPHZvbHVtZT4xMTwvdm9sdW1lPjxwdWJsaXNoZXI%2BU3ByaW5nZXIgU2NpZW5jZSBhbmQgQnVzaW5lc3MgTWVkaWEgTExDPC9wdWJsaXNoZXI%2BPGlzYm4%2BMjE1OC0zMTg4PC9pc2JuPjx1cmxzPjxyZWxhdGVkLXVybHM%2BPHVybD5odHRwOi8vZHguZG9pLm9yZy8xMC4xMDM4L3M0MTM5OC0wMjEtMDE1MjQtMjwvdXJsPjwvcmVsYXRlZC11cmxzPjwvdXJscz48ZWxlY3Ryb25pYy1yZXNvdXJjZS1udW0%2BMTAuMTAzOC9zNDEzOTgtMDIxLTAxNTI0LTI8L2VsZWN0cm9uaWMtcmVzb3VyY2UtbnVtPjxudW1iZXI%2BMTwvbnVtYmVyPjxyZWMtZ3VpZD4yYmI2MWIwZC1jNzNlLTQ2MGYtOGNhNC1mNGYxYTIzODNmYWM8L3JlYy1ndWlkPjxyZWMtdXNuPjc0MzwvcmVjLXVzbj48L3JlY29yZD4iLCJndWlkIjoiMmJiNjFiMGQtYzczZS00NjBmLThjYTQtZjRmMWEyMzgzZmFjIiwiZ3JvdXBHdWlkcyI6WyI2OGYyYjc3OC1jNmQ1LTRhZGItOGNlMi1iY2Q1N2E0ZjlhMzQiXSwidXJsIjpbImh0dHA6Ly9keC5kb2kub3JnLzEwLjEwMzgvczQxMzk4LTAyMS0wMTUyNC0yIl0sInNlY29uZGFyeVRpdGxlIjoiVHJhbnNsYXRpb25hbCBQc3ljaGlhdHJ5IiwiYXV0aG9ycyI6WyJIYW4sIExhdXJhIEsuIE0uIiwiU2NobmFjaywgSHVnbyBHLiIsIkJyb3V3ZXIsIFJhY2hlbCBNLi
https://web.endnote.%2BMTc8L3JlZi10eXBlPjxjb250cmlidXRvcnM%2BPGF1dGhvcnM%2BPGF1dGhvcj5aaG91LCBaaGV5aTwvYXV0aG9yPjxhdXRob3I%2BTGksIFlpbWFuPC9hdXRob3I%2BPGF1dGhvcj5aaGFuZywgWXVxaTwvYXV0aG9yPjxhdXRob3I%2BTGl1LCBKaW5nPC9hdXRob3I%2BPGF1dGhvcj5BaSwgSHVpPC9hdXRob3I%2BPGF1dGhvcj5MaXUsIE1pbmdmYW5nPC9hdXRob3I%2BPGF1dGhvcj5RaXUsIEppYW55aW48L2F1dGhvcj48YXV0aG9yPkx1bywgWXVlLWppYTwvYXV0aG9yPjxhdXRob3I%2BWHUsIFBlbmdmZWk8L2F1dGhvcj48L2F1dGhvcnM%2BPC9jb250cmlidXRv
https://web.endnote.
https://web.endnote.com/citations/eyJkaXNwbGF5VGV4dCI6IlsxN10iLCJjaXRhdGlvbnMiOlt7Imd1aWQiOiIyNjNkNGE4YS05MGVhLTQwNTctYjAxYy1hNjg3NzE1YjljMTMiLCJiaWJsaW9Db250ZW50IjpbeyJpc2JuIjoiMTM1OS00MTg0XHIxNDc2LTU1NzgiLCJwdWJsaXNoZXIiOiJTcHJpbmdlciBTY2llbmNlIGFuZCBCdXNpbmVzcyBNZWRpYSBMTEMiLCJzZWNvbmRhcnlUaXRsZSI6Ik1vbGVjdWxhciBQc3ljaGlhdHJ5IiwidGl0bGUiOiJCcmFpbiBhZ2luZyBpbiBtYWpvciBkZXByZXNzaXZlIGRpc29yZGVyOiByZXN1bHRzIGZyb20gdGhlIEVOSUdNQSBtYWpvciBkZXByZXNzaXZlIGRpc29yZGVyIHdvcmtpbmcgZ3JvdXAiLCJyc3htbCI6IjxyZWNvcmQ%2BPHJlZi10eXBlPjE3PC9yZWYtdHlwZT48Y29udHJpYnV0b3JzPjxhdXRob3JzPjxhdXRob3I%2BSGFuLCBMYXVyYSBLLiBNLjwvYXV0aG9yPjxhdXRob3I%2BRGluZ2EsIFJpY2hhcmQ8L2F1dGhvcj48YXV0aG9yPkhhaG4sIFRpbTwvYXV0aG9yPjxhdXRob3I%2BQ2hpbmcsIENocmlzdG9waGVyIFIuIEsuPC9hdXRob3I%2BPGF1dGhvcj5FeWxlciwgTGlzYSBULjwvYXV0aG9yPjxhdXRob3I%2BQWZ0YW5hcywgTHl1Ym9taXI8L2F1dGhvcj48YXV0aG9yPkFnaGFqYW5pLCBNb2ppPC9hdXRob3I%2BPGF1dGhvcj5BbGVtYW4sIEFuZHLDqTwvYXV0aG9yPjxhdXRob3I%2BQmF1bmUsIEJlcm5oYXJkIFQuPC9hdXRob3I%2BPGF1dGhvcj5CZXJnZXIsIEtsYXVzPC9hdXRob3I%2BPGF1dGhvcj5CcmFrLCBJdmFuPC9hdXRob3I%2BPGF1dGhvcj5GaWxobywgR2VyYWxkbyBCdXNhdHRvPC9hdXRob3I%2BPGF1dGhvcj5DYXJiYWxsZWRvLCBBbmdlbGE8L2F1dGhvcj48YXV0aG9yPkNvbm5vbGx5LCBDb2xtIEcuPC9hdXRob3I%2BPGF1dGhvcj5Db3V2eS1EdWNoZXNuZSwgQmFwdGlzdGU8L2F1dGhvcj48YXV0aG9yPkN1bGxlbiwgS2F0aHJ5biBSLjwvYXV0aG9yPjxhdXRob3I%2BRGFubmxvd3NraSwgVWRvPC9hdXRob3I%2BPGF1dGhvcj5EYXZleSwgQ2hyaXN0b3BoZXIgRy48L2F1dGhvcj48YXV0aG9yPkRpbWEsIERhbmFpPC9hdXRob3I%2BPGF1dGhvcj5EdXJhbiwgRmFiaW8gTC4gUy48L2F1dGhvcj48YXV0aG9yPkVubmVraW5nLCBWZXJlbmE8L2F1dGhvcj48YXV0aG9yPkZpbGltb25vdmEsIEVsZW5hPC9hdXRob3I%2BPGF1dGhvcj5GcmVuemVsLCBTdGVmYW48L2F1dGhvcj48YXV0aG9yPkZyb2RsLCBUaG9tYXM8L2F1dGhvcj48YXV0aG9yPkZ1LCBDeW50aGlhIEguIFkuPC9hdXRob3I%2BPGF1dGhvcj5Hb2RsZXdza2EsIEJlYXRhIFIuPC9hdXRob3I%2BPGF1dGhvcj5Hb3RsaWIsIElhbiBILjwvYXV0aG9yPjxhdXRob3I%2BR3JhYmUsIEhhbnMgSi48L2F1dGhvcj48YXV0aG9yPkdyb2VuZXdvbGQsIE55bmtlIEEuPC9hdXRob3I%2BPGF1dGhvcj5Hcm90ZWdlcmQsIERvbWluaWs8L2F1dGhvcj48YXV0aG9yPkdydWJlciwgT2xpdmVyPC9hdXRob3I%2BPGF1dGhvcj5IYWxsLCBHZW9mZnJleSBCLjwvYXV0aG9yPjxhdXRob3I%2BSGFycmlzb24sIEJlbiBKLjwvYXV0aG9yPjxh
https://web.endnote.
https://web.endnote.%2BPGNvbnRyaWJ1dG9ycz48YXV0aG9ycz48YXV0aG9yPlTDuG5uZXNlbiwgU2lyZW48L2F1dGhvcj48YXV0aG9yPkthdWZtYW5uLCBUb2JpYXM8L2F1dGhvcj48YXV0aG9yPmRlIExhbmdlLCBBbm4tTWFyaWUgRy48L2F1dGhvcj48YXV0aG9yPlJpY2hhcmQsIEdlbmV2acOodmU8L2F1dGhvcj48YXV0aG9yPkRvYW4sIE5oYXQgVHJ1bmc8L2F1dGhvcj48YXV0aG9yPkFsbsOmcywgRGFnPC9hdXRob3I%2BPGF1dGhvcj52YW4gZGVyIE1lZXIsIERlbm5pczwvYXV0aG9yPjxhdXRob3I%2BUm9raWNraSwgSmFyb3NsYXY8L2F1dGhvcj48YXV0aG9yPk1vYmVyZ2V0LCBUb3JnZWlyPC9hdXRob3I%2BPGF1dGhvcj5NYXhpbW92LCBJdmFuIEkuPC9hdXRob3I%2BPGF1dGhvcj5BZ2FydHosIEluZ3JpZDwvYXV0aG9yPjxhdXRob3I%2BQW1pbm9mZiwgU29maWUgUi48L2F1dGhvcj48YX

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

BRAIN AGE AND GENERALIZED ANXIETY DISORDER 18

Given that there was a statistically significant age difference in the subjects with GAD, we
conducted further supplemental analysis with the non-ENIGMA samples removed to ensure subjects
were age matched. This new GLM did not suggest an effect of advanced aging or any other variables
having a relationship to the PAD. However, the effect of larger variance in the PAD for individuals with
GAD replicated in the age matched sample. This means that the inclusion of sites such as ABCD, where
large number of subjects with narrowly distributed ages did not drive the differences in variances
between these groups.

The observation of greater PAD variability in individuals with GAD, despite no overall shift in
mean brain age, has meaningful implications. Clinically, it underscores the heterogeneity of GAD and
raises the possibility that subgroups of patients may experience neurostructural changes that are
obscured when averaging across the diagnostic group (e.g., endophenotypes). This possibility, if true,
would partially explain the mixed findings in the literature and raises the possibility that PAD variance
could represent a transdiagnostic marker of risk or resilience. Moreover, the finding of greater PAD
variability in individuals over 25 suggests that brain aging trajectories in GAD may become more
divergent in adulthood, highlighting the need for longitudinal research to map the neurostructural
progression of the disorder over time. Future studies should explore whether increased PAD variability
is associated with symptom chronicity, cognitive decline, treatment response, or comorbidities.

The results of this study should be viewed in the context of several limitations. First, although
this study has a large sample size, there was an uneven age distribution across the samples, with a
predominance of younger participants largely due to the inclusion of the ABCD data. Additionally, PAD
was related to true age, which is a common issue in brain age studies [63, 64]; to address this we
included age as a covariate, with no significant results. A second limitation is that, while we constructed
our model based on the best existing literature and practices on CNN, this area of research continues to

develop quickly. The proposed model does not exhaust possible architectures for brain age prediction, or
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even all possibilities among CNN models. It should also be noted that the use of a whole-brain VBM
approach in combination with the CNN architecture does not allow for group comparisons of structural
changes in specific regions of interest (ROI) previously associated with GAD, as is common practice in
the neuroimaging literature. However, the CNN approach demonstrates more accurate overall brain age
estimations compared to linear ROI approaches in healthy subjects [27]. Thus, the CNN architecture is
more sensitive to subject level spatial information making it a better model choice for the proposed
analyses with the downside of lacking the granularity of an ROI-based linear approach.

In summary, we found no significant difference in PAD between individuals with GAD
compared to healthy controls. This is consistent with prior work in adolescents with anxiety symptoms
that found no association between PAD and anxiety. We found PAD was not associated with medication
use or comorbid disorders related to PAD, and found no interaction between age and diagnostic status
with PAD. In other words, the results in this analysis do not support the hypothesis that GAD is
associated with accelerated brain aging. Of note, we did find significantly larger variability in PAD for
GAD compared to the healthy controls. This difference in variability between a psychiatric group and
controls is an area that should be more robustly examined and reported in future studies of PAD. Lastly,
the training and testing samples assembled for this study are substantially larger than previous work
within anxiety domains and brain PAD. Reporting these null results from a large mega-analysis is
important as it may illustrate that a more detailed approach is necessary to fully capture the
heterogeneity underlying GAD. It might be that specific subpopulations, treatment exposures, or specific
symptoms are associated with differences in brain age; however, it is difficult to disentangle these

without harmonized data collection.


https://web.endnote.%2BNDc8L3JlZi10eXBlPjxjb250cmlidXRvcnM%2BPGF1dGhvcnM%2BPGF1dGhvcj5VZWRhLCBNYXNhcnU8L2F1dGhvcj48YXV0aG9yPkl0bywgS29pY2hpPC9hdXRob3I%2BPGF1dGhvcj5XdSwgS2FpPC9hdXRob3I%2BPGF1dGhvcj5TYXRvLCBLYXp1bm9yaTwvYXV0aG9yPjxhdXRob3I%2BVGFraSwgWWFzdXl1a2k8L2F1dGhvcj48YXV0aG9yPkZ1a3VkYSwgSGlyb3NoaTwvYXV0aG9yPjxhdXRob3I%2BQW9raSwgVGFrYWZ1bWk8L2F1dGhvcj48L2F1dGhvcnM%2BPC9jb250cmlidXRvcnM%2BPHRpdGxlcz48dGl0bGU%2BQW4gQWdlIEVzdGltYXRpb24gTWV0aG9kIFVzaW5nIDNELUNOTiBGcm9tIEJyYWluIE1SSSBJbWFnZXM8L3RpdGxlPjxzZWNvbmRhcnktdGl0bGU%2BMjAxOSBJRUVFIDE2dGggSW50ZXJuYXRpb25hbCBTeW1wb3NpdW0gb24gQmlvbWVkaWNhbCBJbWFnaW5nIChJU0JJIDIwMTkpPC9zZWNvbmRhcnktdGl0bGU%2BPC90aXRsZXM%2BPGRhdGVzPjx5ZWFyPjIwMTk8L3llYXI%2BPHB1Yi1kYXRlcz48ZGF0ZT4yMDE5LzA0PC9kYXRlPjwvcHViLWRhdGVzPjwvZGF0ZXM%2BPHBhZ2VzPjM4MC0zODM8L3BhZ2VzPjxwdWJsaXNoZXI%2BSUVFRTwvcHVibGlzaGVyPjx1cmxzPjxyZWxhdGVkLXVybHM%2BPHVybD5odHRwOi8vZHguZG9pLm9yZy8xMC4xMTA5L0lTQkkuMjAxOS44NzU5MzkyPC91cmw%2BPC9yZWxhdGVkLXVybHM%2BPC91cmxzPjxlbGVjdHJvbmljLXJlc291cmNlLW51bT4xMC4xMTA5L2lzYmkuMjAxOS44NzU5MzkyPC9lbGVjdHJvbmljLXJlc291cmNlLW51bT48cmVjLWd1aWQ%2BMmE5ZDUzODEtMDJiZC00MGZiLThlZDYtMWNkOGQ3MDRhNjYwPC9yZWMtZ3VpZD48cmVjLXVzbj43NDg8L3JlYy11c24%2BPC9yZWNvcmQ%2BIiwieWVhciI6IjIwMTkiLCJkYXRlIjoiMjAxOS8wNCIsImVsZWN0cm9uaWNSZXNvdXJjZU51bWJlciI6IjEwLjExMDkvaXNiaS4yMDE5Ljg3NTkzOTIiLCJ1cmwiOlsiaHR0cDovL2R4LmRvaS5vcmcvMTAuMTEwOS9JU0JJLjIwMTkuODc1OTM5MiJdLCJndWlkIjoiMmE5ZDUzODEtMDJiZC00MGZiLThlZDYtMWNkOGQ3MDRhNjYwIiwicmVjb3JkU3RhdHVzIjoiYWN0aXZlIiwicHVibGlzaGVyIjoiSUVFRSIsImdyb3VwR3VpZHMiOlsiNjhmMmI3Nz
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Data and code sharing

The data analyzed in this study is a combination of open datasets and the collaborative work of
ENIGMA-Anxiety. The ENIGMA-Anxiety Working Group accepts research proposals from bona fide
researchers. The data are shared by each participating PI after approval of the project. For more

information please see: https://enigma.ini.usc.edu/ongoing/enigma-anxiety/. The code used in the

analysis described here will be available at

https://github.com/coreyjr2/ENIGMA_BrainAge GAD_structural.



https://enigma.ini.usc.edu/ongoing/enigma-anxiety/
https://github.com/coreyjr2/ENIGMA_BrainAge_GAD_structural
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Table 1
Number of Subjects and Descriptive Statistics - Training Sample
Site Total n Average Age Standard Age Min Age Max
Deviation
HCP 412 28.71 3.67 22 37
HCP 612 14.52 4.04 5.58 21.92
Development
OASIS 334 68.93 9.29 43 93
PING 588 12.42 5.12 3.08 21.67
PNC 1,565 15.02 3.66 8.08 23.08
Total/Average 3,511 21.23 16.85 16.35 39.33

HCP: Human Connectome Project, HCP Development Human Connectome Project-
Development, OASIS: Open Access Series of Imaging Studies, PING: Pediatric Imaging,
Neurocognition, and Genetics study. PNC: Philadelphia Neurodevelopmental Cohort



540

541

BRAIN AGE AND GENERALIZED ANXIETY DISORDER

Table 2

Number of Participants and Descriptive Statistics - Testing Sample

23

Site

Total n

HC

GAD

Age Age GAD HC p
Min Max  Sample Sample  Average Average
Age (SD) Age (SD)
ABCD 2,857 8091 11 2,778 79 10.05 (.62) 9.92(.62) .07
Barcelona 69 18 40 46 23 23.61 (4.3) 21.71 .10
(4.48)
Baylor 226 12 79 128 98 28.84 24.39 <.05
(9.18) (12.84)
BHRC 767 7.02  21.37 458 309 13.38 11.70 <.05
(3.15) (2.64)
Boystown 95 13 18 45 50 15.82 15.44 23
(1.35) (1.62)
Chicago-Milad 43 18 59 16 27 30.25 32.37 58
(9.71) (12.96)
Chicago-Phan 141 18 60 41 100 26.36 25.29 54
(8.51) (9.75)
Cincinnati 20 12 18 11 9 13.66 14.18 .59
(2.05) (1.89)
CMI-HBN 185 501  21.36 97 88 12.24 9.57(3.21) <.05
(3.53)
Dresden 93 18 51 46 47 30.23 28.47 35
(9.94) (7.90)
Duke 40 6 10 19 21 7(1.06)  7.47(99) .16
SHIP 32 41 70 22 10 55.9 (7.95) 57.72 57

(8.01)
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Harvard

Houston

Milan

Muenster

Pittsburgh-
Andreescu

Pittsburgh-Price

PROTAIA

Rome

San Raffaele

SDAN

SNFA

Stony Brook

UCSD

Wash U

IOL

237

263

91

53

64

69

43

38

&9

295

60

60

91

63

63

18

8

20.89

19

19

18

13

18

23

8.1

19

18

17

19

40

68.23

72.57

56

82

54

22

55

63

51.14

50

49

53

12

71

51

251

61

29

26

25

20

69

156

38

19

47

32

21

186

12

30

24

38

69

18

18

20

139

22

41

44

31

42

24.64
(4.31)

16.69
(9.02)

4431
(14.91)

29.45
(10.01)

57.78
(16.51)

N/A

16.67
(2.26)

29.55
(6.92)

44.65
(10.61)

12.77
(2.78)

31.27
(9.97)

22.87
(5.91)

28.36
(10.75)

9.96 (1.44) 9.90 (1.15)

39.92
(13.38)

24.68
(3.77)

29.21
(14.39)

34.11
(12.42)

27.82
(9.04)

56.84
(20.22)

N/A

17.80
(2.54)

29.15
(9.18)

45.26
(10.97)

13.70
(4.37)

29 (7.17)

21.57
(5.74)

23.40
(8.27)

41.19
(16.17)

95

<.05

<.05

54

.84

N/A

14

.88

.83

<.05

.36

43

<.05

.85

76

24
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Total/Average 6,147 15.66 4658 4552 1,595 22.16(13) 1453  <.05
(10.59)

GAD: generalized anxiety disorder, HC: healthy controls, p: p value, ABCD: Adolescent Brain
Cognitive Development Study, BHRCS: Brazilian High Risk Cohort Study, CMI-HBN: Child Mind
Institute Healthy Brain Network, IOL: Institute of Living, HCP: Human Connectome Project, HCPdev:
Human Connectome Project Development, PING: Pediatric Imaging, Neurocognition, and Genetics
Study, OASIS: Open Access Series of Imaging Studies, PNC: Philadelphia Neurodevelopmental Cohort,
PROTAIA: Anxiety Disorders Program for Child and Adolescent Psychiatry, SDAN: Section on
Development and Affective Neuroscience, SNFA: Section on Neurobiology of Fear and Anxiety,
UCSD: University of California — San Diego, WashU: Washington University. SHIP: Study of Health in
Pomerania.
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551  Table 3
552  Testing Set Age, Predicted Age, and PAD Organized by Sample
GADn GAD PAD GAD PAD HCn HC PAD HC PAD
Mean SD Mean SD
ABCD 79 0.179 1.18 2,778 0.58 1.19
Barcelona 23 -1.45 6.03 46 -1.83 4.79
Baylor 98 5.36 7.71 128 1.06 5.40
BHRC 309 1.60 4.92 458 0.85 4.53
Boystown 50 -2.21 2.18 45 -2.92 1.72
Chicago-Milad 27 431 8.52 16 4.89 8.97
Chicago-Phan 100 .94 5.95 41 1.11 7.38
Cincinnati 9 -1.14 0.96 11 -0.88 1.29
CMI 88 2.22 4.03 97 1.20 232
Dresden 47 9.23 7.01 46 10.92 7.41
Duke 21 0.23 1.33 19 -0.48 0.91
SHIP 10 6.25 6.03 22 1.69 7.17
Harvard 186 4.76 6.09 51 4.43 5.36
Houston 12 -.2.67 5.44 251 -4.61 8.16
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Milan 30 -7.04 9.98 61 -8.46 7.63
Muenster 24 12.1 8.72 29 9.04 8.96
Pittsburgh- 38 -23.27 11.46 26 -19.83 12.25
Andreescu
Pittsburgh- 69 -8.51 5.82 N/A N/A N/A
Price
PROTAIA 18 6.51 5.90 25 8.72 8.64
Rome 18 5.24 7.49 20 3.72 7.63
San Raffaele 20 11.65 4.99 69 541 8.72
SDAN 139 -0.19 1.42 156 0.14 2.41
SNFA 22 1.58 8.56 38 -0.81 9.93
Stony Brook 41 9.26 7.46 19 12.76 6.74
UCSD 44 -3.09 9.28 47 -0.99 6.33
Wash U 31 242 1.13 32 2.47 1.21
IOL 42 -14.80 8.64 21 -13.17 9.31

PAD predicted age difference, SD standard deviation, GAD generalized anxiety disorder, HC
healthy controls, ABCD: Adolescent Brain Cognitive Development Study, BHRCS: Brazilian High Risk
Cohort Study, CMI-HBN: Child Mind Institute Healthy Brain Network, IOL: Institute of Living, HCP:
Human Connectome Project, HCPdev: Human Connectome Project Development, PING: Pediatric
Imaging, Neurocognition, and Genetics Study, OASIS: Open Access Series of Imaging Studies, PNC:
Philadelphia Neurodevelopmental Cohort, PROTAIA: Anxiety Disorders Program for Child and
Adolescent Psychiatry, SDAN: Section on Development and Affective Neuroscience, SNFA: Section on
Neurobiology of Fear and Anxiety, UCSD: University of California — San Diego, WashU: Washington
University. SHIP: Study of Health in Pomerania
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563 Table 4

564 Characteristics of PAD by Diagnosis and Age

Group Mean PAD Median PAD  Standard Deviation Variance

GAD <25 1.86 0.42 5.25 27.64

HC <25 0.77 0.51 3.01 9.06

GAD > 25 -1.42 0.10 13.08 171.136

HC> 25 -2.86 -2.70 11.57 134.04
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580 Table 5
581 Levene’s Tests Comparing Variances in PAD across Diagnostic and Age Groups
Group 1 Group 2 AW P
GAD <25 HC <25 348.52 <.001
GAD <25 GAD > 25 489.6 <.001
GAD <25 HC>25 394.01 <.001
HC <25 GAD > 25 2541.49 <.001
HC <25 HC > 25 2221.09 <.001
GAD > 25 HC>25 6.74 <.001
582
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596 Figure 1
597 Overview of the CNN Model Architecture.
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599  Note. The CNN architecture was designed with four input channels for gray and white matter

600 segmentations, as well as the T1-weighted and Jacobian images. The model consists of five repeated
601  convolutional blocks, each containing 3D convolutional layers, batch normalization, ReLU activations
602  and max pooling. The number of filters used in each block are denoted above. After the last

603  convolutional block, the model includes a flattened layer.
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Figure 2

Model Ensemble Procedure
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Note. Procedure for generating average predictions for the model ensemble. Eight splits of the training
data were created, which used a different 90/10% split of training to validation data. Each of these splits
was given to a unique instantiation of the model with identical architecture but instantiated with random
weights.
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630 Figure 3

631 Scatter Plot of True Age vs. Predicted Age Sorted By Diagnostic Status

Scatter Plot of Age vs. Predicted Age by Diagnosis
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20 4

PaD

Figure 4

Violin Plot of Variance in PAD across Age and Diagnostic Groups

Distribution of PAD by Group
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660

661  Supplemental Table 1

Supplementary Material

662  Sample Selection Procedure

34

Site Subjects with VBM After data entry After QC
exclusions (Final Sample)
ABCD 2,994 2,994 2,857
Barcelona 91 91 69
Baylor 228 228 226
BHRC 799 797 767
Boystown 95 95 95
Chicago-Milad 43 43 43
Chicago-Phan 147 147 141
Cincinnati 20 20 20
CMI 198 198 185
Dresden 94 94 93
Duke 40 40 40
SHIP 36 36 32
Harvard 260 260 237
HCP 414 414 412
HCPdev 652 652 612
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Houston 273 273 263
Milan 97 97 91
Muenster 54 54 53
OASIS 480 480 334
PING 741 729 588
Pittsburgh- 79 79 64
Andreescu
Pittsburgh- 69 69 69
Price
PNC 1,597 1,597 1,565
PROTAIA 44 44 43
Rome 40 40 38
San Raffaele 92 92 89
SDAN 295 295 295
SNFA 63 63 60
Stony Brook 61 61 60
UCSD 96 96 91
Wash U 63 63 63
I0L 64 64 63
Total 10,319 10,305 9,658
663 VBM: Voxel Based Morphometry, QC: quality control, GAD: generalized anxiety disorder, HC:

664  healthy controls, ABCD: Adolescent Brain Cognitive Development Study, BHRCS: Brazilian High Risk
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Cohort Study, CMI-HBN: Child Mind Institute Healthy Brain Network, IOL: Institute of Living, HCP:
Human Connectome Project, HCPdev: Human Connectome Project Development, PING: Pediatric
Imaging, Neurocognition, and Genetics Study, OASIS: Open Access Series of Imaging Studies, PNC:
Philadelphia Neurodevelopmental Cohort, PROTAIA: Anxiety Disorders Program for Child and
Adolescent Psychiatry, SDAN: Section on Development and Affective Neuroscience, SNFA: Section on
Neurobiology of Fear and Anxiety, UCSD: University of California — San Diego, WashU: Washington
University. SHIP: Study of Health in Pomerania
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Supplemental Table 2

Model Performance by Each Model in the Ensemble

37

Total Test MAE HC Test MAE GAD Test MAE
Model 1 3.70 2.85 5.97
Model 2 3.57 2.80 6.46
Model 3 4.25 3.22 5.61
Model 4 3.33 2.66 5.66
Model 5 3.28 3.29 6.63
Model 6 431 3.29 6.45
Model 7 4.14 3.06 5.94
Model 8 3.82 291 5.87
Overall 3.80 2.94 6.27

MAE: mean absolute error. HC: healthy controls, GAD: generalized anxiety disorder.
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Supplemental Table 3

Overview of variables and contrasts of interest in the secondary analysis.

38

Dependent Independent
Variable Variables
Model 1 Model 2 Model 3
(group (Covariates) (Moderation)
comparison)
Diagnosis Diagnosis Diagnosis
Predicted Age Variables of
Difference interest
(PAD)
Age Age
Age? Age?
Nuisance Scanner Scanner
Variables
Medication Medication
Comorbid SAD, Comorbid SAD,
PD, AG, SPH, other PD, AG, SPH,

anxiety disorders,
MDD, OCD, PTSD,

SUD, other
disorders

other anxiety

disorders, MDD,
OCD, PTSD, SUD,
other disorders
Age * Diagnosis

PAD: predicted age difference, SAD: separation anxiety disorder, PD: panic disorder, AG: agoraphobia,

SPH: specific phobia, MDD: major depressive disorder, OCD: obsessive compulsive disorder, PTSD:

post-traumatic stress disorder, SUD: substance use disorder
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743  Supplemental Table 4
744  Descriptive statistics of predicted age difference by age and anxiety disorder status with ABCD, CMI,

745  and BHRC removed.

Group Mean Median Standard Deviation Variance

GAD <25 2.14 0.61 5.80 33.67

HC <25 1.45 0.13 5.64 31.85

GAD >25 -1.42 -2.70 11.57 171.13

HC > 25 -2.86 -2.70 11.57 134.04
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762  Supplemental Table 5
763  Levene’s Tests Comparing Variances in PAD across Diagnostic and Age Groups with ABCD, CMI, and

764  BHRC removed

765

766

767

768

769
770
771
772
773
774
775
776
7
778
779
780
781
782
783
784

Group 1

Group 2

GAD <25

GAD <25

GAD <25

HC <25

HC <25

GAD > 25

HC <25

GAD > 25

HC > 25

GAD > 25

HC>25

HC > 25

10.71

436.01

346.86

586.32

481.04

6.74

<.001

<.001

<.001

<.001

<.001

<.001
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